The exotic insect pest Corythucha marmorata (Uhler) is increasingly spreading in Japan using the weed Solidago canadensis L. as a major host plant. The nymphs form colonies on the backs of leaves where they crowd together; however, aggregation does not occur in the adults. When an individual nymph is crushed using a needle tip and further the needle tip covered with the nymph's bodily fluids is moved slowly toward the center of the crowd, the surrounding nymphs display an escape behavior and their aggregation is disrupted. We detected geraniol as a nymph-specific volatile component. Bioassay results indicated that geraniol was effective as an alarm pheromone on second to fifth instar nymphs. Furthermore, we found that male and female adults responded sensitively to the alarm pheromone produced by nymphs. These results suggest that although the adult insects do not secrete geraniol, they can detect it produced by nymphs, thereby retaining the ability to escape from danger while suppressing the cost of geraniol production. The present study is the first to demonstrate that an alarm pheromone secreted by nymphs is also effective in adults among Tingidae. and Ambrosia artemisiifolia; moreover, it damages crops such as eggplant, chrysanthemum, sweet potato, and sunflower [4] . Corythucha marmorata feed on the leaf sap of host plants as a group and the leaf surfaces develop white splash-like depigmented spots. Blackish stains due to discharges and black head molds formed on the backs of the leaves. When the damage is advanced, the leaves turn yellow and wither, and the whole plant may wither on occasions [5] . In general, the withering starts from the bottom leaf of a plant and the damage spreads gradually toward the upper fresh leaves.
The chrysanthemum lace bug, Corythucha marmorata (Uhler) (Hemiptera: Tingidae) is an agricultural pest found in the south of Canada and the USA where it damages chrysanthemums [1] . The first observed case of its invasion into Japan from North America was confirmed on Solidago canadensis L. (Compositae: Asteraceae) in 2000 in Nishinomiya, Hyogo Prefecture [2] . By 2011, it had spread rapidly across 40 prefectures located south of Fukushima [3, 4] . The host plants of this insect include Asteraceous weeds, which are found around cultivated fields, such as S. canadensis L. and Ambrosia artemisiifolia; moreover, it damages crops such as eggplant, chrysanthemum, sweet potato, and sunflower [4] . Corythucha marmorata feed on the leaf sap of host plants as a group and the leaf surfaces develop white splash-like depigmented spots. Blackish stains due to discharges and black head molds formed on the backs of the leaves. When the damage is advanced, the leaves turn yellow and wither, and the whole plant may wither on occasions [5] . In general, the withering starts from the bottom leaf of a plant and the damage spreads gradually toward the upper fresh leaves.
In addition to C. marmorata, the lace bugs (Tingidae) that have recently invaded Japan include sycamore Corythucha ciliata and Dulinius conchatus Distant [6] . Nymphal aggregations occur in both C. marmorata and C. ciliata. In both species, when one nymph in the group is crushed, the other members of the group exhibit a distinctive escape behavior. Geraniol was identified as a specific secretory component in the nymphs of C. ciliata and it has been recognized as an alarm pheromone because it elicited evasive behavior among nymphs [7] . Escape behaviors have also been reported in Gargaphia solani and Corythucha cydoniae [8] , in which aldehydes and terpenoids secreted from the dorsal abdominal glands were identified [9] . In G. solani, geraniol alone has an alarm pheromone activity, whereas in C. cydoniae, a combination of several components elicits an alarm response; however, the alarm pheromone has not been identified [9] .
Biological experiments using C. marmorata nymphs have detected an escape behavior that disrupts aggregations; however, the alarm pheromone has not yet been determined [8] . In the present study, we aimed to identify the compound that elicits evasive behavior in C. marmorata nymphs. We also examined the effect of a nymphderived alarm pheromone on adults because the alarm pheromone response has only been investigated in nymphs in previous studies on lace bugs [7, 9] .
Corythucha marmorata nymphs live in groups on the backs of S. canadensis L. leaves. If the group is swept with a brush for disruption, the group is formed again after some time. In addition, when a nymph is crushed with the tip of the needle and the tip of the needle is moved slowly toward the middle of the group, the surrounding nymphs leave the group. A similar escape response was reproduced when a 0.5 equivalent of the hexane extract from a fifthinstar nymph was soaked in a piece of filter paper and presented to a group. No escape response was obtained using an extract from an adult, confirming that the nymph extract contains an alarm pheromone that induces an escape response.
When the hexane extract from a fifth-instar nymph was analyzed by GC-MS, we detected compounds 1-6 ( Figure 1a ). Based on comparisons of the MS of natural compounds with those available in the database, compounds 1-6 were putatively determined as E-3,7-dimethyl-2,6-octadien-1-ol (1) exhibit a sigmoidal decrease in the intensity of fragment ions from the base ion m/z 57 to molecular ion. However, we found that the intensity of the fragment ions from compound 5 differed from that of linear alkanes. Therefore, compound 5 was deduced to be a branched alkane with a formula of C 30 H 62 . As a characteristic secreted component of C. ciliata nymphs, 3,6-dihydroxy-2-[1-oxo-10(E)-tetradecenyl]-cyclohex-2-en-1-one (A) was detected at a higher boiling point than compound 1, which is detected at a lower boiling point [7, 10] . In the present study, the C. ciliata nymph secretion was analyzed and compared with that of a C. marmorata nymph; however, compound A was not detected (Figure 1b) . Given that compound A was not detected in adults [7] , this compound may not be present at an appreciable level in fifth instar nymphs in the last stages, immediately before emergence. Since the nymphs form colonies on host plants before becoming adults, compound A may function as a defensive substance against predators [10] . We detected no characteristic compounds in a high boiling point range during the analysis of C. marmorata, except for hydrocarbon groups. However, based on field observations, it is assumed that they possess a defense mechanism because predation was not observed.
Non-volatile hydrocarbons 2-6 with higher boiling points were also detected in the adult extract (data not shown); therefore, they were considered to be cuticular hydrocarbons, which are present regardless of the growth stage. Because no alarm pheromone activity was detected in the adult extract, a standard material of the nymph-specific compound 1 was used to conduct a bioassay in second to fifth instar nymphs. The alarm pheromone response was observed in a second-instar nymph when 1 ng was used as test; however, there was no significant difference compared with the control when 0.1 or 0.5 ng was used. All of the tests using 0.1-1 ng of the compound elicited alarm pheromone responses in third to fifth instar nymphs (Figure 2 ). Nymphs in more advanced growth stages required a shorter escape time. A similar bioassay was conducted using male and female adults (Figure 3 ). The escape time was significantly shorter in both males and females with test amounts of 0.1-1 ng. Based on these results, compound 1 was identified as an alarm pheromone that elicits evasive responses in C. marmorata during all growth stages.
Compound 1 was quantified in first to fifth instar nymphs (Table 1) . Solidago canadensis L. leaves with C. marmorata aggregation were brought into the laboratory and each growth stage was categorized based on body size. Individuals immediately after hatching were classified as first instar nymphs. The amount of compound 1 extracted increased with the growth stage, wherein the amount extracted from a fourth-instar nymph was approximately 1.6-fold more than that from a third-instar nymph. The amount of compound 1 increased by about 3.5-fold from the first instar after hatching until the fifth instar. In addition to C. marmorata nymphs, compound 1 was also found in the nymphs of C. ciliata and C. cydonia, as well as in the nymphs of G. solani [7, 9] . In C. ciliata and G. solani, compound 1 alone elicited an alarm response in nymphs, whereas it had no alarm pheromone activity in the nymphs of C. cydonia. In C. cydonia, other compounds appear to be involved in the alarm response; however, compound 1 is a compound commonly found among the genus Corythucha and is a key compound involved in evasion behavior among the Tingidae family. Geranyl pyrophosphate (GPP) is an intermediate in monoterpene biosynthesis, and monoterpenes and sesquiterpenes have been identified as components of the refined oil extracted from S. canadensis L. leaves [11] [12] [13] . Therefore, it is possible that C. marmorata utilizes host plantderived GPP for pheromone production. It is known that hydrolysis of GPP with pyrophosphatase gives geraniol directly [14] . Although
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Previously identified alarm pheromones in Tingidae are secreted by nymphs and they have been demonstrated to induce evasive responses in the nymphs [7] [8] [9] . In contrast, the alarm pheromone identified in C. marmorata in the present study elicited strong evasive responses in both adults and nymphs (Figure 3) . Although mature adults did not secrete compound 1, their evasive response to it secreted by nymphs was equivalent to or higher compared with that of the nymphs; thus, they are considered to retain the capacity for risk evasion while avoiding the cost of producing the alarm pheromone. The alarm pheromone of C. ciliata has only been shown to elicit an evasive response in nymphs; however, the alarm pheromone released by nymphs may also trigger an evasive response in adults in a similar manner to C. marmorata. The nymphs of the leaf-footed bug Leptoglossus zonatus (Coreidae) secrete 2-(E)-hexenal as an alarm pheromone and its activity in adults has been reported [15] . Moreover, in this species, an adultspecific alarm pheromone was shown to be active in nymphs. This indicates that their alarm pheromone system is distinct from that of C. marmorata.
Experimental
Insects: Corythucha marmorata was collected from the host plant S. canadensis L. at the campus of Kyoto Gakuen University and bioassays were conducted in the laboratory without conditioning. During the rearing period, insects were regularly provided with fresh leaves of S. canadensis to support their growth. Corythucha ciliata nymphs were collected from the host plant London Plane, Platanus x hispanica, on the campus of Kyoto Gakuen University and the secreted components were analyzed using the same method employed to analyze C. marmorata.
Chemical analysis: Gas chromatography-mass spectrometry (GC-MS) analysis was conducted using a Network GC System (6890N; Agilent Technologies Inc.) coupled with a mass selective detector (5975 Inert XL; Agilent Technologies Inc.) operated at 70 eV using an HP-5MS capillary column (0.25 mm i.d. × 30 m, 0.25 m film thickness; Agilent Technologies Inc.). Helium was used as the carrier gas at a flow rate of 1.00 mL/min, with a split-less mode at a temperature programmed to change from 60°C (2 min) to 290°C at a rate of 10°C/min. The temperature was maintained at 290°C for 5 min.
Extraction of secretions and evasive response assay: Ten fifthinstar nymphs were collected from the back of a S. canadensis leaf and placed in a glass vial insert for GC (0.3 mL volume with a conical bottom, Agilent Technologies Inc.) using a brush, and extracted for 3 min in n-hexane (20 μL). Part of the extract was removed using a 10 μL microsyringe (Agilent Technologies Inc.) and transferred to another glass vial insert for a preliminary test. The preliminary test of the evasive response was conducted at room temperature without adjusting the humidity. A S. canadensis leaf was placed with the bottom side up and approximately 30 nymphs (fourth to fifth instars) or 20 adults were placed on the leaf. One µL of the prepared nymph extract was soaked in a piece of filter paper (5  5 mm), air dried to remove the solvent, and then placed at the center of the crowd while minimizing the physical stimulus, and the behavior of the nymphs was observed.
Analysis of the secretion and quantification of the pheromone:
Nymphs and adults at all growth stages were collected from leaves using a brush and placed in separate GC glass vials. Five nymphs in the first or second instar, one nymph in the third to fifth instar, or one adult were used in each analysis. Each insect was soaked in n-hexane (3 μL) to extract the secretion. After 3 min, 1 μL of the extract was removed using a 10 μL microsyringe and subjected to GC-MS analysis. For the quantitative analysis, nymphs at all growth stages (first to fourth instar = 5 individuals, fifth instar = 3 individuals) were extracted for 3 min in n-hexane and 1 μL of the extract was used in the GC-MS analysis (N = 3-5). Determination of absolute amounts of the pheromone in secretions is based on the integration of peak areas in gas chromatograms, and comparisons with a calibration curve established for authentic geraniol (Wako pure Chemical Industries, Ltd.).
Bioassay:
Evasive response tests were conducted in the laboratory at room temperature in ambient humidity. One nymph or adult was introduced to a glass dish with a diameter of 9 cm and the individual was allowed to rest. A filter paper (9 cm) with concentric circles drawn at 1 cm intervals was placed underneath the dish and the dish was moved in a manner such that the insect was located on the peripheral line of the center circle. A n-hexane solution containing a specific concentration of the test compound was applied to a filter paper (5  5 mm), which was air dried and then placed around the center of the center circle without causing effects such as oscillation. N-Hexane was used as a control. We measured the time required for a nymph or adult to escape by moving 1 cm away from the filter paper (N = 10). The limit of the measurement period was set at 120 s. The results of escaping time of nymphal stages and adults were compared between the treatment and the control using one-way ANOVA and Dunnett's test.
